This paper presents a dual band Band Pass Filter (BPF) operating at both the downlink and uplink frequency bands for Ku-band satellite applications. The commonly used frequency band in mobile communications satellites is the Ku-band. These mobile satellite systems help connect remote regions, vehicles, ships, people and aircraft to other parts of the world and/or other mobile or stationary communications units, in addition to serving as navigation systems. The structure of the proposed filter is based on parallel coupled microstrip lines and four sections are used. Tuning the two operational bands can be achieved using two open-circuited stubs at the first and last sections of the parallel coupled microstrip lines. The proposed filter is adjusted to operate at 12.54 GHz and 14.14 GHz for downlink and uplink bands, respectively. The proposed dual band BPF is fabricated, measured, and good agreement is obtained between simulated and measured results.
Introduction
In modern wireless communications, there is a great need for dual band operation and consequently dual band filters are required. Ku-band satellite transmitters and receivers usually need dual band Band Pass Filter (BPF) at downlink and uplink frequency bands to properly receive intended signals and weed out unwanted interfering ones in order to ensure communication does not get mixed up [1] [2] . There are several approaches reported in the literature to design an integrated dual band Band Pass Filter (BPF) [3] [4] [5] [6] . Cascading band stop filter and wideband BPF is a simple idea to generate dual band BPF [3] . Also, open-shorted coupled lines (OSCL) are used to realize dual band BPF [4] . The overall size has been reduced using the folded structure and this contributes to the split of the transmission zero which greatly improves the filter selectivity. A dual-/tri-band BPF is proposed in [5] which is based on a quintuple-mode resonator (QMR).
The bandwidths (BWs) of the passbands are controllable. Recently, open/short circuited stub loaded λ/4 resonators are used to generate dual band BPF [6] .
Different BPFs have been proposed for Ku-Band applications. A compact BPF
for Ku-band applications has been proposed in [7] , which consists of five quarter-wavelength (λ/4) stepped-impedance resonators, which are in staggered arrangement. Folded narrow feedlines are used to introduce multiple coupling paths in limited space. A slotted folded substrate integrated waveguide BPF with enhanced bandwidth for Ku/K band applications is presented in [8] . It has wide passband with reduced size using folded substrate integrated waveguide (FSIW) technique. The filter is designed by introducing a C slot and an E slot in central metallic septum of FSIW respectively. An edge coupled cavity-enclosed Chebyshev BPF at Ku band is presented in [9] . The orientation of the BPF is kept axially rotated which makes it area efficient. However, all the reported Ku-band BPFs in the literature provide single operation in the Ku-band range either the downlink band or uplink band or the total Ku-band from 12 to 18 GHz.
In this paper, a dual band BPF operating at both the downlink and uplink frequency bands for Ku-band satellite applications is presented. The filter structure is based on parallel coupled lines. The dual band operation is generated by loading the first and last sections with open circuited stubs. Good return loss, compact size, good insertion loss, and high in-between-band isolation can be achieved. The paper is organized as follows. Section II describes the analysis and design of the parallel coupled line BPF. Section III is devoted to results of the proposed filter. The paper is concluded in Section IV.
Filter Design and Analysis
The design of the presented band pass filter (BPF) is based on parallel coupled line half-wavelength resonator. The order of the parallel coupled line filter is 3.
The designed prototype is fabricated on Rogers RT6010 substrate with dielectric constant ε r = 10.2, thickness (h) of 1.9 mm, and loss tangent (tanδ = 0.0023). A three-pole (n = 3) filter was selected for our design. The design processes are explained in three steps as follows.
Single-Band and Wide-Band Parallel Coupled Line BPF
Starting from the conventional shape of the microstrip parallel coupled line BPF, a single band BPF can be simply designed. The amplitude ripple in the passband is selected to be 0.5 dB and the order of the filter is 3. This means that it is a Journal of Electromagnetic Analysis and Applications three-pole filter. Designing such coupled line filter is achieved by transforming the cascaded networks by its equivalent RLC circuit using transmission line theory. The following design equations have to be considered [10] [11] .
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where G r is the ripple in the passband. sinh 2n
In our case, and at n = 3, β = 3.548, γ = 0.62643. So, a 1 = a 3 = 0.5, a 2 = a 4 = 1. Then b 1 = b 2 = 1.142, b 3 = 1.3924.
From the mentioned equations, the normalized lowpass Chebyshev filter elements with ripple 0.5 dB are calculated and the values are as follow:
In addition, the center frequency and the fractional bandwidth are calculated as follow:
In order to design the parallel coupled line filter, the following equations are used:
For the 1st coupling structure:
For the intermediate structure:
For the final coupling structure: (11) where Z 0 is the characteristic impedance, and J is the inverter of admittance.
The characteristic impedance of the parallel coupled lines is divided into odd impedance (Z 0o ) and even impedance (Z 0e ), which can be calculated as:
According to the Ku-band satellite applications, the frequency band from 11.7
GHz to 12. [13] .
In order to operate such presented filter at a single band, for example at 12.54
GHz downlink frequency, the calculated values of the odd and even impedances are given in Table 1 .
The next step is to calculate the parallel coupled line dimensions for the four sections according to the calculated even and odd impedance values. These dimensions have been optimized using the Advanced Design System (ADS) electromagnetic momentum simulator, ver. 2019. The substrate material specifications have been defined correctly to the ADS simulator (ε r = 10.2, h = 1.9 mm, and tanδ = 0.0023) and the optimized dimensions are given in Table 2 .
The ADS structure for these parallel coupled line sections that constitute the downlink BPF is shown in Figure 1 . The input/output coupled lines are connected Table 1 . Calculated values of odd and even impedances for downlink. On the same way, the calculated values of the odd and even impedances at 14.14 GHz uplink frequency are given in Table 3 .
The optimized dimensions of the four sections of the parallel coupled line are given in Table 4 .
The ADS structure for these parallel coupled line sections that constitute the uplink BPF is shown in Figure 3 . Table 5 . Calculated values of odd and even impedances for proposed wide band BPF. The optimized dimensions of the four sections of the proposed wide band parallel coupled line BPF are given in Table 6 . The ADS structure for these parallel coupled line sections that constitute the proposed wide band BPF is shown in Figure 5 .
A layout for such filter has been generated using ADS for preparing to the fabrication process. The proposed filter layout is shown in Figure 6(a) . A prototype of the proposed wide band BPF is illustrated in Figure 6 The simulated S-parameters are centered at 13.6 GHz while the measure results are shifted slightly and centered at 13.45 GHz. Any small difference between simulated and measured results may come from standard manufacture impacts and the copper surface roughness.
Tunable Coupled Line BPF Loaded by Capacitor
In this part, a dual band BPF can be generated by adding lumped capacitors to the coupled line sections. Figure 8 depicts a single section parallel coupled line that contains four ports. The input and output ports are terminated or connected to other cascaded sections while the other two ports are loaded by load impedances. In the case of loading port 2 by a series capacitor connected to ground, the value of this capacitor can be calculated for the dual operational frequencies by the following relation [14] :
The initial values of the lumped capacitors have been calculated using equation (14) and optimized using ADS simulator in order to design a dual band BPF selectivity and the stop band rejection ratio. The ADS structure for such dual band BPF is shown in Figure 9 and the optimized values for the 2-capacitors are C 1 = 2.1 pF and C 2 = 0.19 pF. Figure 10 
Proposed Dual Band Coupled Line BPF Loaded by Transmission Line
In this part, the lumped capacitors are replaced with the open circuited transmission lines. The lumped elements are not preferred due to their parasitics above 1 GHz and the limited available commercial values of these inductors and capacitors. Therefore, a dual band BPF has been proposed using distributed elements without degradation in the performance compared to lumped ones. 
Results and Discussion
A layout for the proposed dual band parallel coupled line BPF loaded by transmission line has been generated using ADS for preparing to the fabrication process. The proposed filter layout is shown in Figure 14 Figure 15 . A good agreement is found between them. For the down- 
Conclusion
This paper presented a dual band BPF operating at both the downlink and up- 
